This paper describes a semi-continuous laboratory-scale investigation of a potential co-substrate for mesophilic anaerobic sludge digestion in a municipal wastewater treatment plant. A feed liquid produced from source-sorted municipal organic waste by pretreatment with a screw press was subjected to the investigation. Quantities produced in press trials as well as the composition of the feed liquid are presented. Mass balances for N, P and chemical oxygen demand are given in order to verify the methane production of the feed liquid in co-digestion with sewage sludge at mesophilic conditions. Hydraulic retention time of the reactors were 14.7 to 16 d and organic loading rates were 1.5 to 2.7 kg volatile solids (VS) per cubic metre per day. The pretreatment by screw press is compared to the production of feed liquids with pulper-based pretreatment processes. While the addition of the feed liquid increased methane production by about 345 ml CH 4 /g VS in , total solids of the feed liquid were reduced to about 63%. With respect to co-digestion at municipal wastewater treatment plants, several risks associated with the investigated feed liquid are outlined.
INTRODUCTION
The introduction of source-sorted collection systems for household wastes in Germany resulted in separate treatment facilities for recyclable waste (i.e. packaging, metals), the source-sorted municipal organic waste (SSMOW) (i.e. garden and kitchen waste) and residual waste. Aerobic composting is the most commonly used treatment for SSMOW, because it is a reliable method for stabilization, solids reduction and disinfection prior to reuse of the compost. Depending on composting technology, a significant amount of energy is required due to active aeration (Fricke et al. ) . Anaerobic digestion on the other hand is considered a more energy-efficient approach. Several full-scale plants for the anaerobic treatment of SSMOW are operated in Germany either as dry or wet fermentation processes (Rettenberger et al. ) . Wet fermentation schemes often comprise a pulper-based pretreatment. The fermentation step is fed either by the pulped waste suspension or by a centrifuge effluent that is produced from the pulped waste suspension (Korz & Frick ; Gallert et al. ) .
The utilization of screw presses (SP) is another approach to the production of feed liquids for wet fermentation processes from SSMOW. Since SP separate some of the organic material from the raw SSMOW, aeration requirements for the solid residue (SR) produced by the SP are decreased. If combined with anaerobic digestion or codigestion, this technology may be suggested when existing composting plants are to be retrofitted either due to increased loads or due to efforts of reducing energy consumption. In this scenario, the existing aerobic waste treatment facilities (i.e. composting) continue operation, while material in excess of composting capacities is digested as a co-substrate in anaerobic sludge treatment of municipal wastewater treatment plants (MWWTPs) . If suitable, this would result in the use of excess capacities of the anaerobic sludge treatment and hence an increase of treatment capacities for SSMOW with relatively small investment and potential benefits due to the generation of energy from biogas. However, anaerobic digestion of the whole SSMOW would require dedicated digesters. Due to the removal of the majority of organic substances in the anaerobic step, self-heating of the organic waste digestate would be drastically reduced in a final composting step. Hence, aerobic composting of the solid digestion residues might require further process control. Additionally, a final disinfection step might also be required in order to ensure reusability of the SR as soil amendments in compliance with respective laws.
While some data regarding the anaerobic digestion of feed liquids produced by pretreatment of the SSMOW with SP (press liquids (PL)) have been reported by Nayono et al. () , Hansen et al. () and Davidsson et al. () , these investigations did not address co-digestion at MWWTPs. Furthermore, composition of SSMOW depends on the local implementation of waste collection, which should result in different characteristics regarding anaerobic treatment. Quantities and qualities of the PL produced in several press trials are presented and implications for plant operation are derived. Pretreatment of the SSMOW by SP is compared to pulper-based pretreatment options and a recommendation regarding the pretreatment for co-digestion is given.
MATERIALS AND METHODS

Press trials
Several press trials of different source-sorted organic waste batches of the city of Dresden, Germany, were conducted, in order to determine quantities of available PL and to produce samples for chemical analyses as well as laboratory-scale co-digestion investigations. Raw waste batches were pre-sorted using an 80 mm drum screen before the actual pretreatment by the SP. Wet masses of the presorted waste input (WWI) and added tap water (TW) as well as output masses of PL and SR were registered. TW was added to the input funnel, in order to maintain pumpability of the liquid. As an estimate for available feed liquid volumes, press liquid yield (PLY) was defined as PL masses normalized to WWI. The product of PLY and total solids (TS) concentration will be referred to as press liquid TS yield (PLTSY) while the product of volatile solids (VS) concentration and PLY will be referred to as press liquid VS yield (PLVSY).
Liquids were collected in containers from which samples were taken. Liquid consistency was papescent and small chunks of organic matter (fragments of leaves, branches, peels, etc.) were visible. Grab samples were taken in 10 l bottles and were stored in a refrigerator at 2 W C. Sample pH-values were in a range of 4.4 to 4.7.
Samples of the WWI were not taken.
Reactor design and operation
Four laboratory-scale double-walled glass reactors were operated semi-continuously. Reactors 1 (R1) and 2 (R2) were used to determine the reference state, while reactors 3 (R3) and 4 (R4) were used to determine the effect of different organic loading rates (OLR) caused by the addition of the PL to the feed. Reactor volume was set to 6 l and temperatures were held at 36 to 37 W C using external thermostats connected to the internal wall space. Reactor content was continuously mixed by a stirrer (compression ring seals in the reactor lid) at 70 rpm. Digestate was withdrawn through the bottom outlet (ball valve). Gas collection bags (Tecobag, Tesseraux) were connected to threaded fittings in the reactor lids by hoses and olives. Feed was added to the reactors through additional fittings in the reactor lids. Feeding was suspended during the weekends, while stirring, temperature regulation and gas collection were continually operable. No addition of external nutrients or chemicals (P, N,
was necessary. The whole reactor content was removed from the reactors, weighed and refilled into the reactors once every 2 weeks, in order to determine and counterbalance evaporation losses with TW. TW added on these occasions accounted for about 2 to 5% of the defined reactor volume.
Inoculum and feed
The reactors were inoculated by filling them to the defined reactor volume with anaerobically stabilized sludge of the local MWWTP 740 ,000 population equivalent). All reactors were fed 460 ml/d of composite sludge consisting of waste activated sludge and primary sludge of the MWWTP. Composite sludge samples were taken from the feed pipe of the anaerobic digesters at the MWWTP once a week and were stored at 2 W C between daily feeds.
Hydraulic retention time (HRT) for R1 and R2 was further decreased to 16.0 d by the addition of 65 ml/d of TW. PL feeds to R3 and R4 were set to 65 ml/d and 110 ml/d resulting in HRT of 16.0 d and 14.7 d for R3 and R4, respectively. Average OLR during the pseudo-steady state period were 1.5 kg VS/(m 3 ·d) (R1 and R2), 2.2 kg VS/(m 3 ·d) (R3) and 2.7 kg VS/(m 3 ·d) (R4), respectively.
Material analyses
Gas collecting tubes were introduced between reactor lids and gas collection bags, in order to collect gas samples for gas chromatography (Agilent Technologies, 6890N 
Mass balances
Masses of feed and digested sludge were measured using laboratory scales. Gas volumes were determined using a vacuum pump and a drum-type gas meter (Ritter TG 5) to deflate the gas collection bags. Gas volumes were normalized to 1.013 bar, 0% humidity and 273.15 K. TP balances took into account input fluxes calculated from masses and TP concentrations of the daily feed material (composite sludge and PL) as well as output fluxes calculated from masses of removed digestate and their respective concentrations. Since pH was in the range of 7.1 to 7.4, nitrogen content in the produced biogas was assumed negligible. Hence, nitrogen balances were calculated in a similar way based on TKN concentrations. COD balances additionally incorporated the stoichiometric COD equivalent of the methane production (2.86 kg COD/m 3 CH 4 ) obtained from gas volumes and gas analyses. Relative mass balance errors are calculated from the accumulated deficiency normalized to the sum of input and output sums. The balances shown include data for the pseudo-steady state period of 8 weeks only. Reactors were operated for 5 weeks before reaching this state.
RESULTS AND DISCUSSION
Press liquid quality and quantity
Quality parameters of the different PL produced in the press trials and the respective operational conditions of the screw press are summarized in Table 1 . The relations COD/VS, TKN/VS and VS/TS lie within common ranges for organic substrates. Even though raw waste batches were visibly divergent, the shown relations for the PL do not reflect any profound differences in the quality of the organic material Simple linear correlations for dependencies of PLVSY, PLTSY and PLY on the ratio between TW and WWI are shown in Figure 1 . The obtained data indicate that high PLY does correspond to high PLTSY and PLVSY. In other words, it is not possible to assume low TS concentrations for high PLY and vice versa. The use of additional TW actually leads to higher VS and COD loads in the PL. This behavior increases the range of OLR values, which have to be taken into account when considering the feed to the digesters at the MWWTP. Figure 1 also reveals that the slope of PLVSY is considerably lower than the slope of PLTSY, which indicates that the increased addition of TW leads to a washout of inorganic particles (e.g. sand) from the WWI. However, it is necessary to emphasize that press trials were too few in number to draw final conclusions. Additionally, the available data points form groups at either the low or the high end of the linear regression functions. This results in high coefficients of determination which may be misleading. Further press trials would be preferable in order to substantiate the dependency between the different yields and the ratio between TW and WWI. However, due to practical restrictions the number of press trials was limited in this investigation.
Concentrations regarding HCl-acid insoluble ash (i.e. sand) ranged from 9 to 45 g/l. Sedimentation of sand was noticed in the collection containers but could not be avoided. The concentration range may therefore be explained by differences in PL composition as well as the unreliability of picking samples from the bulk liquids. In comparison, Kübler et al.
() mention concentrations of inorganic particles of up to 40 g/kg and up to 20 g/kg for coarse materials like plastic, glass and metal in waste streams of SSMOW.
Mass balances of the laboratory-scale reactors
Total sums of input and output masses for TP, TKN, COD (including the equivalent of the produced CH 4 ) and VS are shown in Table 2 . For R1 and R2 an average CH 4 content of 64% was determined. R3 and R4 produced an average of 65% CH 4 contained in the biogas. Overall, input masses agree well with output masses. Balance errors for TP and TKN represent a deficiency in the output masses, while a surplus was registered for the respective COD fluxes. This indicates a systematic error of the experimental setup. It is uncertain if the deficiency can be explained by quantity and quality limitations of the chemical analyses or by errors introduced by picking samples, operating the reactors or gas collection and analyses. Maximum relative balance errors are 3.2% for TP (R3), 1.5% for TKN (R1) and À2.1% for COD (R2).
Methane production and degradability
Average degradation rates of 53.6% COD and 51.5% VS were obtained for the reference reactors (R1, R2). Since all reactors were fed the same amount of composite sludge, increased degradation and CH 4 -production for R3 and R4 were attributed solely to the PL. Concerning input masses of the PL, specific CH 4 production and degradation rates were calculated from the data in Table 2 . Respective values are 244 ml CH 4 /g COD in (342 ml CH 4 /g VS in ) and 70% COD (59% VS) for R3 as well as 247 ml CH 4 /g COD in (346 ml CH 4 /g VS in ) and 67% COD (56% VS) for R4. Despite differences in methodology (i.e. feed, OLR, HRT, quantity of analyses), these results are in agreement with results of Nayono et al. Comparison to pulper-based wet digestion processes Using literature information, a comparison with respect to specific COD and TS degradation during anaerobic digestion was estimated for the cases of pre-treatment by SP as well as pulper with and without centrifugation. Values presented in Table 3 are calculated for TS concentrations of 40% in the WWI. It is assumed that TS concentrations of the waste batches used in this study are comparable.
Digestion of the complete pulped waste suspension provides 100% of the potential COD degradation and the potential TS reduction. Using the centrifuge effluent as a feed liquid reduces the methane potential to about 25 to 35% of the WWI methane potential. Even though the report by Korz & Frick () used for this estimate is partly lacking in plausibility, the calculated methane potential is supported by the results of Campuzano & Gonzaléz-Martínez (). In laboratory-scale experiments, regarding the repeated washing of organic solid municipal waste, they obtained a 35% COD extraction in the centrifuge effluent at a dilution ratio of 1:3 (wet waste to water) in the first washing step. Batch digestion of this effluent yielded approximately 30 to 35% of the methane potential of the untreated waste Estimated from Korz & Frick (1994 ). In conclusion, insoluble solids (e.g. middle and coarse sand, splinters of metal, glass) cause an increased risk of abrasion, wear and clogging as well as a reduction of the available reactor volume. Centrifuge effluents of pulped waste suspensions are superior in this regard, if the digesters are large enough to provide the required minimal HRT or if sludge thickening at the MWWTP can be optimized to increase the HRT. Centrifuge effluents also pose the lowest risks in terms of negative impacts on sludge quality and do not substantially increase sludge disposal costs. These liquids provide a methane potential comparable to that of PL.
CONCLUSIONS
From the above considerations, it was concluded that codigestion of the PL was not yet feasible for the MWWTP, due to the resulting risks. Further research should address the problem of estimating feed liquid yield in relation to spatial and temporal variation of WWI as well as the associated TS, VS and COD concentrations. Data and experiences of industrial-scale operations would considerably enhance knowledge gains of such an investigation. Removal of grit, sand and other extraneous materials from the PL will also require research and development before PL may be recommended as a co-substrate for MWWTPs. However, it is likely that investment and operation of the required machinery will result in costs, which outweigh the benefits, unless financial subsidies are granted.
